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We investigated the extent of the distribution of polysynaptic connections to the dorsal spinocerebellar tract (DSCT). Recording from a randomly selected population of DSCT units, we found that over 60% responded to maximal stimulation of group I afferent fibers in the gastrocnemius-soleus muscle nerve. Most of the responses had a time course or latency consistent with polysynaptic activation.
The extensive distribution of this input into the pool of DSCT neurons suggests that input from muscle nerves in general is widely distributed to these neurons. The results further imply that the DSCT plays a more integrative role in the transmission of information from the hindlimb to the cerebellum than has been previously supposed.
The dorsal spinocerebellar tract (DSCT) is a major source of information about the hindlimb for the cerebellum. Up to now, the organization of this tract has been examined primarily with respect to the monosynaptic activation of DSCT cells by peripheral receptors (Oscarsson, 1965; Mann, 1973; Bloedel and Courville, 198 1) . On the basis ofthese studies, it has been widely accepted that DSCT units transmit information from small, homogeneous groups of peripheral receptors (see, for example, Ito, 1984) . This view implies that information received by the cerebellum via the DSCT is largely that provided by the peripheral receptors themselves. It is implicit in this viewpoint that polysynaptic connections to the DSCT can be disregarded. However, earlier work suggests that polysynaptic input, especially of an inhibitory nature, can affect the output of DSCT neurons (Mann, 1973; Kubota and Poppele, 1977; Bloedel and Courville, 198 1; Hongo et al., 1983a, b; Osbom and Poppele, 1983) but the extent of their distribution has never been studied systematically. Consequently, it is not known if this input comprises a minor aspect or a major component of DSCT activity.
This issue is explored in the present paper by describing the responses of a large sample of DSCT neurons to afferent fiber activity in the nerve to a single muscle group, gastrocnemiussoleus (GS). Using electrical activation of group I afferent fibers as a stimulus, we found that the activity of 64% of a sample of randomly selected DSCT units was affected, predominantly by polysynaptic input. Such data suggest a widespread convergence from peripheral receptors onto DSCT cells. Consequently, the information provided to the cerebellum via the DSCT tract is likely to be more complex than that supplied from clusters of homogeneous receptors. A preliminary report of this study has been presented (Osbom and Poppele, 1984) .
Materials and Methods
Single-unit recordings were made from spinal cords of adult cats, 2.5-5 kg, deeply anesthetized with pentobarbital sodium (Nembutal; Park Davis), 35-40 mg/kg, i.p., initially, supplemented by intravenous administration during the experiment as the animal became reflexly active to maintain a surgical anesthetic state. The responses from 152 identified axons of the DSCT at the T,, and T,, spinal cord levels to group I electrical stimulation of the GS nerve were recorded in 12 cats. The surgical and recording procedures have been described previously but pertinent details are given below.
The left hindlimb was denervated and the left ventral roots S, and L, were cut at least % hr prior to unit recording to insure that injury potentials did not contribute to the results. A recording electrode on the S, dorsal root monitored the incoming afferent volley. A Poissondistributed pulse train having a mean rate of8/sec was arbitrarily chosen as the stimulus (see Knox and Pouuele. 1977 . for its rationale in determining cross-correlograms). Stimulus intensity was held at 2 x threshold for the group I dorsal root volley to maximally activate Ia and Ib fibers, although some of the group II fibers were probably excited as well (Brock et al., 195 1 ). An electrode placed in the inferior peduncle of the cerebellum was used to activate DSCT neurons antidromically.
Action potentials from spontaneously active DSCT units were recorded from their axons in the dorsolateral funiculus using glass-coated tungsten microelectrodes (24 Me, Frederick Haer). Units were identified as belonging to the DSCT by their response to antidromic activation from the ipsilateral inferior peduncle and by the resetting of their spontaneous background discharge following the antidromic spike . Action potentials from DSCT units were converted to pulse trains by an analog-to-digital converter, and their times of occurrence were stored on disk, along with the occurrence times of the input pulse train, for off-line analysis.
The effect of a stimulus on the discharge of a single unit was determined from the difference between the waiting time and forward-recurrence time probability density functions (Gerstein, 1970) . The waiting time density was calculated as the density of intervals between any stimulus and the first DSCT spike. The forward-recurrence time density is an equivalent function calculated without reference to a stimulus, and may be approximated from the interspike interval density (Cox and Lewis, 1966) . Any difference between these functions can be taken as evidence of an effect ofthe stimulus on the spike train. The KolmogorovSmimov test (Lindgren, 1968 ) was used to this end. If the test failed, i.e., if the distributions were significantly different, we assumed that the difference was caused by the incoming volley.
Results
We recorded impulse activity from 152 spontaneously firing units identified as belonging to the DSCT (see Materials and Methods). Electrode penetrations were made at random into the dorsolateral funiculus at T, ,-T,, spinal levels. Axons were found throughout the entire funiculus to a depth of 2-3 mm (Loewy, 1970) . Conduction velocities determined from antidromic spike latencies ranged from 30 to 118 m/set (mode, 70 m/set). The spontaneous discharge rate ranged from 3 to 48 impulses/set (mean, 17.4 * 11 impulses/set). Interval distributions were generally the same as those reported previously . We recorded from every DSCT unit that could be isolated regardless of whether or not the unit appeared to respond to the stimulus to the GS nerve. For each trial the presence or absence of a response was established by the Kolmogorov-Smirnov test for differences in distribution functions at the 0.05 level (see Materials and Methods). Under these conditions of random sampling over a large population, 64 & 8%' of the units responded in a statistically significant manner. Even when the criterion for significance was raised to the 0.0 1 level, more than half of the units were found to respond in each experiment; see Tables 1 and 2 . The tables also show the percentage of responsive units present in subsets of units, including units with conduction velocities above or below the mode.
Responses accepted as significant on the basis of statistical criteria were generally obvious from visual inspection of the cross-correlograms (Fig. 1) . These were qualitatively similar to those reported earlier . Nearly all responses (8 1%) were consistent with polysynaptic activation, either longlasting inhibition (60%; type 2 of or late excitation, i.e., a peak occurring more than 10 msec after the stimulus (2 1%; type 3). Only about half of all excitatory responses had a peak within 10 msec of the stimulus, suggesting a contribution by a monosynaptic input. These results are summarized in Tables 1 and 2 , where it can also be seen that the percentage of inhibitory and excitatory responses was consistent across samples of units recorded in different experiments and was independent of the statistical criterion (0.05 vs 0.01) used in assessing the presence or absence of a response.
Although it was usually necessary to average the response to several hundred stimuli to ascertain the presence of a response in a single unit, the presence of a given type of response to a I The standard deviation was estimated by assuming a random sample (SD = l/fi, where n = total number of units in the sample (Lindgren, 1968) . The implied average error of 5% in estimating response significance was not included. Note, however, the result of determining significance at the 1% level (Table 1) .
single stimulus could often be appreciated from the average spike density across a population of units with similar behavior (Figs. 2, 3 ). The raster plot of Figure 2 depicts the spike activity of individual DSCT units following a stimulus applied to GS (vertical line). The units are representative of the total sample, and are grouped according to the type of response. A more quantitative measure is presented in Figure 3 , in which the raster plot for each response type is plotted in a separate panel, along with a peristimulus time histogram (PSTH) computed across units. It is clear from the PSTH that the density of spikes in the cell population is significantly altered from its background (prestimulus) level for 50 msec or more following a single stimulus, even though any given unit may have only a weak response to a particular stimulus. In fact, the population density is similar to the poststimulus density for single units averaged over time (see cross-correlograms of Fig. 1) . Thus, the effect of a particular input volley on the DSCT is manifested by the size of the population of DSCT units affected by the stimulus rather than in the magnitude of the responses of individual units.
Discussion
We found that over 60% of a large, randomly selected sample of DSCT units responds to stimulation of the nerve to a single muscle group at 2 x threshold for group I fibers, which implies that there is an extensive divergence of input from a single muscle group into the pool of DSCT neurons. This conclusion rests on the representative nature and the adequacy of the experimental sample. Although the sample is small compared to the total number of fibers in the tract (7000-10,000; Loewy, 5  10  6  12  5  10  7  14  4  8  7  14  22  44  17  34  18  36  16  32  23  46  20  40  50  100  50  100  50  100 and Poppel e -Polysynaptic Responses of DSCT Neurons Figure I . Cross-correlograms of individual DSCT units. Sample crosscorrelograms representing time averages of responses to 300-500 stimuli in each case; 3 msec bin width. Stimuli presented at random (Poissondistributed, mean rate 8/set) were 2 x threshold for activation of group I afferent fibers in GS. A-C, Three excitatory responses. SF, Three inhibitory responses.
1970) the probability that less than 50% of the DSCT units receives input from GS is remote (p < 0.0015, assuming a binomial distribution) if the units were selected at random and no systematic bias was present in the experimental protocol.
In this context, it should be stressed that no bias was intentionally introduced in selecting the sample population except for that imposed by the requirement for spontaneous activity. Indeed, we found fibers throughout the entire dorsolateral funiculus, using antidromic invasion as the sole criterion for unit identification. Spontaneous background activity was required in order to observe inhibitory responses and to apply the test for statistical significance. However, nearly all DSCT units are generally active (Mann, 197 l) , except for a minor group of exteroceptive units that are silent in the absence of adequate stimulation. We encountered very few DSCT units that were not spontaneously active, and no more than we encountered in similar preparations with the hindlimb nerves intact (Osborn and Poppele, 1984, and unpublished observation) .
A different type of bias may have been introduced by the recording electrodes, which could have preferentially selected large-diameter axons. Usually the extent of such bias is measured by comparing the distribution of conduction velocities with that computed from the fiber-diameter spectrum, but for the DSCT no such data on fiber diameters are available. Any underrepresentation of small-diameter fibers could bias the sample if the response parameters are correlated with axon diameter or conduction velocity. This was dealt with in an earlier study, which found no evidence for a relationship between the 1 I 50 lb0 I 150 ms Figure 2 . Effect of the stimulus on DSCT activity. Raster diagram of the activity in 100 DSCT units (2 raster lines/unit) selected at random from the DSCT. Activity is lined up with the presentation of a single stimulus to the GS nerve at 2x threshold for group I activation. The presence or absence of a response in each case was determined statistically from records of no fewer than 900 spikes (see Materials and Methods for description of statistical test). Segments were chosen for this illustration using the sole criterion that no stimulus was presented for at least 500 msec prior to the stimulus marking the beginning of each record. The upper group gave no detectable response. The activity in the middle group was accelerated by the stimulus, and that in the lower group was slowed. The number of units in each group is in proportion to the percentage of units in the population responding in a similar manner. The illustration therefore represents the alteration of activity across units of the tract by a single shock to a single peripheral muscle nerve.
antidromic latency of a unit and either its response to nerve stimulation or the parameters of its spontaneous activity . In this study we found no difference in the percentage of units responding to GS stimulation based on conduction velocity, although there may have been less inhibition of the faster conducting cells.
Finally, differences in experimental conditions appear to have had little influence on the results of this study. Three subsets of data taken from different preparations were found to behave similarly in terms of percentage of units affected by the stimulus.
We can therefore conclude that the responses we have described are representative of the DSCT activity at T,,, and further suggest that a wide divergence of input from muscle nerve onto DSCT units is a general feature of such activity. This conclusion is also consistent with the data from both anatomical and physiological studies of DSCT, which have provided evidence for both monosynaptic and polysynaptic inputs to DSCT cells. However, the extent of such responses has not previously been documented.
The divergence of input from muscle nerves implied by these results shows that the information carried by the DSCT is not discretely organized muscle by muscle. This is in contrast with the currently prevailing view that each DSCT unit acts essentially as a relay between sensory receptors and the cerebellum, with negligible central processing by DSCT neurons. This proposition is likely to have arisen because of the emphasis placed on monosynaptic connections. While the data presented here do not dispute the presence of a restricted distribution of monosynaptic components, the presence of a widely divergent polysynaptic component lends an entirely different perspective to the way information from the limbs may be encoded by cerebellar afferents. It is a perspective that is more consonant with both current hypotheses about other cerebellar afferent systems (Wilson and Peterson, 198 1) and with the increasing evidence ofcomplexity of interneuronal circuits of the spinal cord (Hong0 et al., 1983a, b) . The role of integrating afferent information from the various muscles and joints of the limb no longer seems to be the exclusive province of the cerebellum, but also appears to be shared by spinal centers such as the DSCT.
